The application of remote sensing to the study of volcanoes has advanced considerably in recent years. The availability of digital multispectral data, acquired from satellite or airborne instruments, has allowed us to infer many properties of the surface material. Each wavelength region offers specific information relating to the chemical and physical state of eruptive prod ucts. The reflected visible through thermal part of the spectrum reveals information relating to iron oxidation state, vegetation cover, development of silica coatings, and presence of S02, among others. The microwave part of the spectrum reveals information relating to surface roughness and dielectric constant variations. The use of these data to study and map volcanoes can save time and effort for mapping; and can greatly reduce the risk associated with doing fieldwork on active volcanoes. Satellite instruments due to be launched in the next five years promise to provide far better data than are currently available from space.
INTRODUCTION
utilized NASA airborne sensors. We will emphasize these latter studies here, as they best demonstrate the potential of Remote sensing is proving to be a valuable tool for the techniques. studying volcanoes. Large areas can be observed rapidly,
In section 2, we discuss the spectral characteristics of safely, and, if using satellites, frequently. In addition to materials on the surface of Mauna Loa. In section 3, we providing images (sometimes stereoscopic) comparable to show examples of multispectral remotely sensed data in the aerial photographs and amenable to the traditional photo visible through infrared wavelength regions; in section 4, graphic interpretation, remote sensing instrumentation we discuss remote sensing of S02 plumes using thermal generally provides multispectral data in digital format. infrared (TIR) data; in section 5 we discuss the use of mul From these data, we can infer many properties of the tispectral data for temperature determination; section 6 deals surface material. In this chapter, we will discuss remote with radar remote sensing; and finally, in section 7, we sensing at visible, infrared and microwave wavelengths. discuss future remote sensing of Mauna Loa. Figure 1 is There have been some satellite observations of Mauna Loa an index map showing the locations of the images that will and the island of Hawaii with the Advanced Very High be discussed in this paper. Resolution Radiometer (AVHRR), Japanese Earth Remote Sensing (JERS-l), Landsat, and French Societe Propri 2. EVOLUTION OF SPECTRAL PEATURES d'Observation de la Terre (SPOn satellites and with Shuttle Imaging Radar (SIR-B and SIR-C) (see, for example, Plate 2.1. Introduction: Spectral basis for mapping from remote 1 depicting the Island of Hawaii using SPOT satellite data sensing data combined with digital elevation ; Chadwick, et al., personal communication) . However, the most detailed studies have
The surface weathering of Mauna Loa basalts is evi denced by distinct chemical and mechanical changes, begin Mauna Loa Revealed: Struct'Jre, ning during initial cooling. These changes have been used Composition, History, and Hazards to estimate the relative ages of individual flows [Kahle, et Geophysical Monograph 92 al., 1988; Abrams, et al., 1991] region (0.5-2.4 ~) and part of the thennal infrared (TIR) region (&-12 ~) .
On the windward side of the island of Hawaii and in other humid areas, vegetation growth is so rapid that lava surfaces are obscured from aerial view in a very few years. In contrast, lava flows in arid regions on the island are nearly Wlvegetated and may remain barren for long periods of time. During this interval, the change most obvious to the eye is the oxidation of iron, so that the surface, origi nally black or dark brown, becomes reddish or tan [Lockwood and Lipman, 1987] . Other less obvious changes also occur, including the accretion of silica-rich veneers or coatings (-80 wt % Si02) derived largely from windblown soil [Curtiss. et al., 1985] or tephra [Farr and Adams, 1984] and the devitrification of the thin (-50~) glassy crusts or chill coats so common on fresh pahoehoe. The coats may also spall to reveal a more vesicular crys talline substrate. While the flows are still active and during cooling, acid aerosols in the vicinity of gases escaping from the melt can cause chemical changes to the already emplaced rock, leaching out iron and other cations, and leaving a more silica-rich rock [Realmuto, et al... 1992] . In addition, mechanical weathering of the flows encourages colonization by vegetation; very old flows in kipukas, for example, tend to be heavily vegetated. The effects of these and other processes on the spectral characteristics of weathering lava flows will be discussed in more detail in the next sections. We will also show how it has been possible to capitalize OIl these spectral changes to determine relative age relations of lava flows OIl Mauna Loa.
Visible to short wavelength infrared region
The spectrum of basalt in the visible to short wave length infrared (0.4--2.4 ~) region is dominated by the presence of iron in its various oxidation states and by the presence of vegetation. Laboratory measurements of flows of different ages illustrate the effects of iron oxidation on the spectral behavior.
Fresh aa and pahoehoe flows are both nearly flat spec trally and have very low albedo throughout the reflectance part of the spectrum (Figure 2 ). Pahoehoe can be very smooth and flat and can exhibit strong specular reflection. Laboratory studies were done on samples of basalts col lected from an area on the north slope of Mauna Loa [Abrams, et al., 1991] . With increasing age, the overall reflectance increases (from 5-7% to about 12%) for flows up to about 4000 years old. At the same time, there develops a fall-off in reflectance at the blue end (-0.4 ~) of the spectrum that becomes progressively more pronounced with age. They attributed both of these effects to the conversion of ferrous iron to ferric iron by oxidation [Hunt, 1977] . Chemical analyses of the samples were done to measure the ferric iron content of the rocks. There is a systematic increase with age of ferric iron, from 3.2% to 4.6%, which correlates with the observed spectral characteristics. The slope of the reflectance curves between 0.8 and 0.4 ~ is therefore a good measure of the increase in ferric iron content, and hence is correlated to increasing age.
Vegetation cover on Mauna Loa basalts varies as a function of age, rainfall and elevation. Historic flows are essentially unvegetated at higher elevation due to the lack of soil development. Lower down, in areas of heavy rainfall, lichen can begin to grow, especially OIl the rougher aa, within 2-3 years. Lichen grows early on these flows and after time is replaced by other types of vegetation. At an elevation level of about 2100 meters, flows whose C-14 ages are between 200 and 1500 years have only a few per cent cover of shrubs and grasses; flows with C-14 ages between 1500 and 4000 have 5-15% cover; flows older than 4000 years old become heavily vegetated and exten sively weathered. The spectrum of healthy vegetation (Figure 2) shows the presence of chlorophyll absorption bands near 0.65 ~ and 0.45 ~, a relative high in reflectance near 0.55 ~ (the reason vegetation is green to the eye), and very high reflectance starting at 0.76 ~, gradually decreasing towards longer wavelength due to the effects of water absorption bands.
The distinct, and systematic effects of both oxidation and increasing vegetation cover with age on the spectral reflectance characteristics have been exploited to map some of the older lava flows at middle elevations on Mauna Loa, , et al. [1991] .
and to determine the relative ages of the older flows. The technique has been shown to be in excellent agreement with standard field mapping techniques [Abrams, et al., 1991] .
Thermal infrared region
The TIR spectral characteristics of basalts are controlled by (1) macroscopic properties, such as the amount and size of vesiculation, (2) differences related to the Si-O bonding which are in tum related to the silica content, and (3) chemical alteration of the surfaces from acidic gases. Each of these effects will be discussed with regard to our ability to use these spectral differences to map KAHLE ET AL. 147 Mauna Loa flows in the TIR wavelength region.
The thermal infrared radiance emitted from a surface is a function of the temperature and spectral emittance, where the emittance is the parameter related to the composition and surface rougbness of the material. For a perfect black body, the emittance is unity, and the radiance is strictly a function of the temperature and wavelength, as described by Planck's Law. Most geologic materials have non-unity emittance at some wavelengths in the TIR; it is this deviation from unity that allows separation and identification of mineral composition. Compared to the visible/near-infrared spectra, the thermal infrared reflectance spectra of the younger basalts show prominent spectral differences. These spectral features are related to Si-O bonding, and facilitate the distinction of different lava flows . Crisp et al. [1990] investigated the relationship between changes in spectral emittance features and minera logy of Hawaiian basalts. They collected samples of molten pahoehoe lava from active effusions of Puu 00 in May 1989. The spectra of these fresh samples (after cool ing into a glass) exhibit a broad feature peaked between 10.3 and 10.5 Jl1I1, indicative of a strong degree of disorder ( Figure 3 ). Disordered glass is made up of silicate units with a wide variety of bond angles, bond strengths, and bonding arrangements that vibrate at different frequencies resulting in broad spectral features in the infrared [e.g., Simon and McMahon, 1953; Brawer and White, 1975; Dowty, 1987] . The spectra of the fresh Hawaiian basalts are almost identical to the spectra of samples from older (prebistoric, 1972, 1880, 1899, and 1984) Mauna l.oa basaltic lavas that were fused in an oven and quenched [e.g., Kahle, et al., 1988, Figure 3b] . They also closely match the spectra of the glassy interior of older basalts. The per sistence of this broad spectral feature in the glassy interior of rocks, even in rocks over 4000 years old, shows bow well the interior glass can be protected from weathering processes and can retain its original composition and degree of disorder.
However, as the Hawaiian rocks age and weather, the spectral character of their outer surfaces changes. The first change evident in the spectra of the Hawaiian rocks is that the single broad feature splits into two features that Kahle et al. [1988] and Crisp et al. [1990] call "B" at 9.2-9.5 J.Ull and "C" at 10.5-10.8 J.Ull (Figure 4 ). After just a few days or weeks of exposure to the elements (rain, atmo sphere, and acidic volcanic fumes) the B and C features were evident in some, but not all, of the exposed surfaces. Features B and C were commonly found on the rapidly cooled top surface of flows, but also appeared in the interiors when rocks were broken after emplacement and cooling and these interiors were then exposed to the Hawaiian environment for a sufficient time. In samples 'that they examined that were only a week old, the C feature was always stronger than the B feature. Figure 6 . After Kahle, et al. [1988] . t; With increasing age the overall trend is for the B fea ture to Slrengthen relative to the C feature. A simple ex planation for the evolution of these two emission peaks in the top surfaces of Hawaiian rocks is that the slructure of the metastable glass is becoming more ordered with time. Immediately after its rapid quenching in air, the glass is strongly disordered. With time this unstable configuration breaks down as the silica tetrahedra become organized into silica tetrahedral sheetlike (Bfeature) and chainlike units (C feature) [e.g., Brawer and White, 1975] . With more time the sheetlike units become the preferred mode. This could be an isochemical process in which the glass structure becomes more ordered by chain units progressively converting to sheet units, or it could be a Kahle, et ai. [1988) . With continued aging, the height of the C feature decreases until it is undetectable. It is likely that the C fea ture disappears as the glass becomes more ordered, without any chemical change in the glass. Soon after the B feature overtakes the C feature in height, a new feature they named "A" can appear at about 8.1 or 8.2 JllIl. The A feature is commonly a shoulder on the side of the B feature. It is very common for samples greater than 50 years old to show an A feature. The A feature has not been found in the week-old samples from Puu 00 but does appear in some samples of the 1984 Mauna Loa flow collected three years after emplacement but only at locations that receive more than 250 cm rainfall per year and in Puu 00 flows 1-5 years after emplacement. Kahle et al. [1988] proposed that the A feature results from the addition of a silica-rich coating. Farr and Adams [1984] describe the development of this coating as the accumulation and leaching of windblown tephra and dust. A scanning electron microscope (SEM) and thin section investigation [Crisp et al., 1990] of Mauna Loa 1984 samples confmned that the A feature is associated with a silica-rich rind that appears to be the results of addition of material to the basalt surface rather than leaching of the substrate basalt. Previously, the shortest time documented for the formation of a silica coating was 13 years in an area southwest of Kilauea where the rainfall rate is about 150 cm/year [Farr and Adams, 1984] . As the lava ages further, the spectral contrast decreases slowly until, after a few hundred years, most of the units appear spectrally flat in the infrared due to spallng of glass or development of iron oxide coatings ( Figure 4 ). However, as noted in section 2.2, at this time the spectral contrast in the VIS and SWIR becomes more evident.
The spectral character of aa in the thermal infrared. is partially controlled by the texture of the material. Radia tion emitted by the aa is often partially trapped by the roughness of the surface, which tends to act like a large number of blackbody cavities. However, the spectral signa ture, while reduced, has features very much like those of similar age pahoehoe. Figure 5 shows lab spectra of aa and pahoehoe of the same age, which have been normalized to the same scale.
Vegetation spectra are essentially equal to blackbody spectra, so the addition of vegetation to the surface serves to reduce the spectral contrast of the materials.
Another influence on the TIR spectral characteristics of basalts is alteration associated with fumarolic activity. Near active venting areas and areas undergoing degassing, hydrous, silica-rich areas form, accompanied by the deposi tion of sulfate salts [Realmuto, et al., 1992] . This is tbougbt to be caused by acid-leaching of cations by aerosols, and resulting enrichment of silica. The spectral characteristics of this material resemble those produced by the secondary silica coatings described by Crisp et al. [1990] . 
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Figure 5. Laboratory reflectance spectra of aa and paboeboe of tbe same age (0.2---0.5 ka) wbich bave been normalized.
MAPPING USING REMOTELY SENSED OATA
NASA's Thermal Infrared Multispectral Scanner (TIMS) and the NSOOI scanner (a Thematic Mapper simulator) were flown aboard a NASA C-130 aircraft over the island of Hawaii during November, 1985 at about 1100 local time. TIMS acquires digital radiance data in image format. There are six spectral channels of data between 8 and 12 JllIl (Table 1 ) [Palluconi and Meeks, 1985] . The sensitivity is O.l-O.5K. Images are acquired using a mirror that scans an arc of +38° to -38° about nadir, with an angular resolution of 2.5 mrad. The NSOOI acquires eight channels of data in the visible, reflected infrared, and ther mal infrared parts of the spectrum (Table 1) . Images are acquired with a scan angle of 100°, and an angular resolu tion of 2.5 mrad. The C-130 operates at altitudes up to 7.7 km above sea level; thus, the scanners acquire data with a nadir ground pixel size of 25 m or less. For these data flights, the aircraft operated at an altitude of 3.5 km above terrain, producing 8 m pixels.
Digital data from TIMS bands 1, 3 and 5 were pro cessed using a decorrelation stretch algorithm [Gillespie, et al., 1986] . This procedure exaggerates subtle color differ ences in image data by increasing the saturation and inten sity while generally preserving the hue information. Thus, the resulting images can be related back to the spectral information of the components used to create the color triplet image. Because the decorrelation stretch depends upon the frequency distribution of radiance values within the particular image being stretched, the displayed colors of the same materials generally vary slightly from image to image.
Plate 2 shows a decorrelation-stretched image of basalt flows on the north flank of Mauna Loa, where TIMS bands I, 3, and 5 are displayed in blue, green, and red respectively. (The road running diagonally across the image is the Hilo-Kona jeep trail.) Despite the chemical
Plate 3. NSOOI principal components image. Bands 1 through 7 were used for the analysis. The loadings for component 2, displayed in red, produced a difference between the IR and VIS bands; component 3, in green, was heavily loaded as the difference between bands 3 and 1; component 4, in blue, was heavily loaded as the difference between bands 4 and 7. The overlay shows interpreted flow contacts, with age labels as in Plate 2; p = pahoehoe; a = aa; Op = undifferentiable prehistoric pahoehoe; 43a = 1843aa; 35a = 1935aa. After Abrams, et aI. [1991] . [Holcomb, 1987; Lockwood, et al., 1988; Lockwood, unpublished data] reveal systematic relationships between the TIMS colors and the type of basalt (pahoehoe or aa) and degree of weathering and, hence, age. Pahoehoe and aa flows are con sistently separable in the images where there is little or no vegetation. Single basalt flows of either type may show some image color differences soon after eruption [Real muto, et aI., 1992] ; however, the greatest color differences appear to be related to age. Figure 6 is a field-derived geologic map of the same area covered by Plate 2 for comparison. The contacts of some flows are more accurately portrayed in the images. In a few cases, geologic relations that were difficult to map in the field can easily be seen in the images. One example of this is the boundary between the 1843 (red) and 1935 (blue) pahoehoe flows, which is difficult to distinguish in the field, but is very distinct in the TIMS image.
Freshly broken and unweathered basaltic cinders and crushed basalt exposed in quarries consistently appear cyan or light blue-green in the false-color pictures. In contrast, young aa flows appear dark blue-green, and this color shifts to dark brown or orange with increasing age. The oldest flows are heavily vegetated and appear dark green. In the false-color pictures these flows are not always easy to dis tinguish from young, largely unvegetated aa. However, they may be separated by temperature. In Plate 2, lightly vegetated aa flows ranged in surface temperature from 35° to 43°C; heavily vegetated flows were -29°C.
Unvegetated pahoehoe was warmer than aa. Surface temperatures for pahoehoe in Plate 2 ranged from 43° to 54°C.
There is a pronounced and systematic color change with increasing age of pahoehoe. The TIMS color shifts from dominantly blue to purple and magenta (compare, for instance, the 1935 and 1880 flows in Plate 2). This range of colors mimics the range for the different initial states. Increasingly older flows show colors not observed for young flows: red (1843) and orange (0.2-1.5 ka), mixed orange and green (1.5-4 ka), and ultimately light green (4-8 ka). The oldest lavas (>8 ka) are forested and appear dark green. Heavily vegetated aa and pahoehoe are probably indistinguishable from each other.
Because of the known color assignments of the TIMS wavelength bands, and by comparison with spectra of sam ples collected in the field, we can relate the colors in the images to the spectral features observed in Figure 4 . Spec tral feature C is associated with the blue color in the image and A with red. As spectral feature A appears and increases and feature C diminishes, the color:; move progressively from blue to magenta to red. Finally, as the spectral contrast diminishes, the units on the images become green -which here corresponds to spectrally flat.
For aa, young rough flows are associated with dark blue-green TIMS colors and very weak spectral features, including subdued B and even some C. Because aa and pahoehoe of the same flow have essentially identical com positions, we attribute the subdued spectrum of the aa to multiple scattering in the rough surface (cavity or black body radiation). The dark colors in the images are due to low temperatures in the shadowed portions of the rough surface, not yet warmed by the sun at the time (-1100 LT) of data acquisition.
The shift to brown image color with increasing age of aa is directly caused by the silica-rich rinds. The increased color saturation of these flows is attributed to filling of small cavities with the thermally opaque silica, thereby reducing the amount of blackbody radiation. There is no very old unvegetated aa in the study area. The color of the oldest aa flows in Plate 2 is controlled by the admixture of vegetation, which consistently appears dark green in the false-color images. B. Adams, personal communication, 1988] . After Kahle, et al. [1988] . Abrams et al. [1991] analyzed the NSOOI visible and SWIR data for roughly the same area as Plate 2. The NSOOI data were processed by using Karhunan-Loeve or principal components transformations. This is a dimension reduction procedure that forms linear combinations of the original data based on the variance-covariance matrix [Soha and Schwanz, 1978; Gillespie, 1980] . The resulting image (Plate 3) depicts the flows in various colors; the overlain interpretation map delineates flow boundaries recognized from the image. On the image, the young pahoehoe flows (1935, 1843, 200 -500 years old and 500-1500 years old) are aU displayed as indistinguishable blue colored units, in contrast with the TIMS image (Plate 4) which allowed easy separation of these units. They are labeled p (pahoehoe) and Op (older pahoehoe) to indicate that they were not differentiable. These flows are still very dark and fresh looking in the field, and they have not as yet developed significant oxidation of mafic minerals. Spectrally, they are all dark and show no distinguishing features. Older pahoehoe flows become greener on the image, and the oldest, with vegetation cover, are magenta. The aa flows progress from reddish-brown (1935) to brown (1899) to light brown (1843) to blue-brown (200-500 years old) to light blue-green (500-1500 years old) to green-yellow (1500-4000 years old) to dark green (>4000 years old). The relations between the image colors and the increase in iron oxidation and change in reflectance spectra are consistent.
When the NSool and TIMS data were combined by principal components analysis, it was shown that emittance and reflectance spectral properties of the rocks were correlated to some degree, as would be expected. As shown in Plates 5 and 6, the flows are differentiated by the color changes, which are systematic with relative age.
These results show the utility of remote sensing in the relative dating of similar basalts in an arid environment, using combined data from the reflectance and emittance parts of the spectrum. The existence of weathering system atics implies that it may prove possible to estimate flow age from remotely sensed data, provided that progression of colors has already been calibrated for a given region. Important influences on the thermal spectra appear to be surface texture, physical and chemical degradation of glassy crusts (spalling, devitrification, alteration), accretion of silica-rich coats, and vegetation. growth. Important influences on the reflectance spectra appear to be develop ment of iron oxide minerals from weathering, vegetation growth, and surface texture. At least for the north flank of Mauna Loa, these effects occur in characteristic sequences . Combined NSOOI and TIMS data processed using a principal components transformation. NSOOI bands I through 7, and TIMS bands 1 through 6 were used for the analysis. PCl, PC5, PC6 displayed in red, green and blue, respectively. The overlay shows interpreted flow contacts, with age labels as in Plate 2; p = pahoehoe; a = aa; 35a(p) = 1935a(p); 43a(p) =1843a(p). After Abrams, et al. [1991] . Lockwood [unpublished data, 1988) . After Kahle, et ai. (1988] .
and at different rates, so that color pictures created from vis ible to thennal infrared data depict flows at different stages of their development in different colors. The combined use of data in the two wavelength regions provides more infor mation than the use of either separately. These relation ships should prove useful in reconnaissance geologic map ping in volcanic fields in other arid or semiarid areas.
REMOTE SENSING OF VOLCANIC S02 PLUMES

Measurementtechnique
The absorption spectrum of the sulfur dioxide (S02) molecule exhibits ultraviolet (UV), infrared (IR), and microwave bands that are amenable to remote sensing tech niques. All three of these absorption features have been used to measure S02 with passive ground-based, airborne, and spaceborne instruments.
Dispersive correlation spectroscopy became the rust remote sensing technique to be widely applied to the study of volcanic plumes [cf Stoiber et al., 1983] using the portable correlation spectrometer, or COSPEC [Moffat and Milltin, 1971] . COSPEC instruments convert measure ments of the UV radiation transmitted through a volcanic plume into estimates of its S02 burden [Hamilton et al., 1978; Hoff and Millan, 1981] . The collection of COSPEC measurements at volcanoes throughout the world has allowed volcanologists to estimate the annual volcanic con tribution to the global atmospheric S02 budget [cf Berresheim and Jaeschke, 1983; Stoiber et al., 1987] and recognize that a rapid change in the S02 flux from a vol cano can signal an eruption [i.e., Casadevall et al., 1981; Chartier et al., 1988; Malinconinco, 1979 Malinconinco, , 1987 Caltabi ano et al., 1994] .
A correlation spectrometer can measure only a small portion of a plume; operators must either move the instru ment in traverses beneath plumes or occupy locations near vents and pan the field of view horizontally across plumes. Wind speed must be measured or known from other sources. The estimation of either S02 flux or spatial and temporal variations in the S02 contents of volcanic plumes can therefore involve considerable labor, logistical planning, and in some cases, personal risk.
Satellite-based remote sensing techniques, employing the instruments such as the Total Ozone Mapping Spec trometer (TOMS) or the Microwave Limb Sounder (MLS), are largely free of the limitations imposed by field logistics and hazards. A major advance in the remote sensing of volcanogenic S02 occurred in 1983, when Krueger [1983] demonstrated that the S02 clouds from the eruption of EI ChicMn could be imaged, or mapped at a 50 km spatial resolution at nadir by TOMS. TOMS data have since been used to map the S02 clouds produced by the recent eruptions of Mauna Loa [Casadevall et al., 1984] , Nevado del Ruiz [Krueger et al., 1990] , Cerro Hudson [Doiron et al., 1991] , Mount Pinatubo [Bluth et al., 1992a] , and Mount Spurr [Bluth et al., 1992b] . In addition, the TOMS data archive (which dates back to 1979) has been used to estimate the contribution of explosive eruptions to the global S02 budget [Bluth et aI., 1993] . Read et al. [1993] showed that MLS data, acquired from the Upper Atmosphere Research Satellite (OARS), could be used to recover altitude profiles of the S02 clouds produced by the Pinatubo eruption. The MLS procedure is sensitive to S02 concentrations as low as 3 ppb(v). Realmuto et al. [1994] recently demonstrated that thermal IR image data could be used to map the S02 con tent of volcanic plumes. This technique was developed using TIMS data acquired at Mount Etna, Sicily on 26 July 1986, when the estimated column abundance of S02 within the plume ranged from 1 to 17 g m-2 and the overall flux was estimated at 78 kg/so The TIMS-based estimation technique is based on the detection of a broad feature between 8 and 9.5 ~ in the absorption spectrum of S02. The maximum absorption is located at 8.5 ~m, and falls between the rust and second channels of TIMS. The esti mation procedure is based on radiative transfer modeling, which is used to fit the radiance observed by TIMS as it views the ground through an intervening S02 plume. Based on the data collected at Mount Etna in 1986, the TIMS-based procedure has an estimation error of approxi mately 15%.
Applications to Mauna Loa eruption plumes
The 1984 eruption of Mauna Loa began on 25 March and ended on 14 April [Lockwood et al., 1985; Smithsonian Institution, 1989; Casadevall et aI., 1984}. On the rust day of the eruption, the plume reached an altitude of approximately 11 km. The plume did not reach the stratosphere, since the tropopause was at an altitude of 18 km. Between 27 March and 14 April 1984 the maximum altitude of the plume was less than 4.6 km. During this period the plume travelled westward at a rate of 800 kmJd, reducing visibility at airports up to 5000 km away from Mauna Loa.
The flux rates of S02 and C02 were determined with a series of airborne COSPEC and infrared analyzer surveys of the plume [Casadevall et al., 1984] . Between 2 April and 14 April the flux of S02 ranged between 2200 and 6600 x 1<P kg per day, while the flux of C02 ranged between 240 and 1400 x 10 3 kg per day. Estimates of the S02 comumn abundance with TOMS indicated a maximum of approxi mately 2 g m-2 on 27 March. TOMS data were also used to estimate that the Mauna Loa plume contained 130,000 x 10 3 kg of S02 on 26 March and 190,000 x 10 3 kg on 27 March. S02 abundances in the 26 July 1986 Mount Etna plume were estimated to be as much as eight times higher
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1000 500 Rothery [1987] . [Realmuto et al., 1994] than those reported for the 1984 Mauna Loa plume, yet the Etna plume was not detected by TOMS. This lack of detection is probably due to narrow width (l-5 km) and low altitude «5 km MSL) of the Etna plume relative to the Mauna Loa plume. The coarse spatial resolution of TOMS (50 km at nadir) is a limiting factor on the size of plume that can be detected.
REMOTE SENSING OF TEMPERATURE
Multispectral remote sensing can be used for tempera ture determinations in volcanic regions [Francis and Roth ery, 1987; Rothery, et al., 1988; Realmuto, et al., 1992; Mouginis-Mark, et al., 1994a; Flynn, et al., 1994] . While the techniques described here have not been used on Mauna Loa, their use in the future seems likely. Because of the wide range of temperatures encountered, it is desirable to acquire multispectral data from the visible and the short wave infrared as well as the thermal infrared. While one commonly thinks of using the thermal infrared to measure temperature, in volcanic regions the radiation from very hot sources will saturate the majority of thermal IR sensors. Planck's Law indicate~ that the intensity of emitted radia tion increases as a function of temperature, but also that the wavelength of the maximum emission shifts to progres sively shorter wavelengths as the temperature increases. Francis and Rothery [1987] shows a plot of radiance as a function of wavelength for a variety of differ ent temperatures. The plot also includes the location and saturation level of the Landsat Thematic Mapper channels. When measuring very hot volcanic targets, one needs to select that wavelength region where the emitted radiation dominates over reflected radiation, but at the same time does not saturate the sensor. Rothery et al. [1988] and Oppenheimer et al. [1993] have also shown how using multiple wavelengths allows for the derivation of more than one temperature within a pixel -often the case where there is a small very hot area within a pixel while the majority of the pixel is near ambient temperature.
Ground-based spectroradiometric measurements, a study using the Advanced Very High Resolution Radiometer (AVHRR) and Landsat Thematic Mapper (lM) data, and work done using the NS001 and TIMS aircraft multispectral thermal data, have illustrated some of the applications of multispectral measurements to temperature observations of volcanic features on Kilauea, Hawaii, though not over Mauna Loa.
Using a spectroradiometer in the 0.4-2.5 m region, Flynn et al. [1993] made nighttime observations of active flows, and observa tions of the active Kupaianaha lava lake; both areas are on the East Rift Zone of Kilauea. They found that the crust of a newly emplaced lava flow cooled by about 350 0 in less than an hour. The agreement between their observations and theoretical models of flow emplacement help to constrain such models. Over the Kupaianaha lava lake, they found that the tempora'l variability of the thermal output occurred on time scales of seconds to minutes, implying that satellite-based observations would, at best, provide only a snapshot of a rapidly changing phenomenon.
Flynn and Mouginis-Mark [1992] and
In a study examining the effects of viewing geometry on detection of thermal features in AVHRR weather satel lite compared with Landsat Thematic Mapper, Mouginis Mark et al. [1994a] found that with nadir-looking, 1 km spatial resolution data, overturning lava lakes, surface flows, and lava tubes with skylights could be detected ther mally. However, in off-nadir looking data, where the pixel size is as large as 14 km, some of the smaller of these phe nomena could not be separated from solar heated, older lava flows. Using TM data, with 30 m spatial resolution, all of the phenomena could be detected thermally. Realmuto et al. [1992] used TIMS thermal data acquired from the NASA C-130 to map the temperature dis tribution related to underground transport and storage of lava in the Kupaianaha flow field, Kilauea. Active lava tubes were clearly mapped. The authors' temperature maps also defined the boundaries of hydrothermal plumes which resulted from entry of lava into the ocean. The multispec tral data also allowed determination of emissivity variations attributed to acid-induced leaching near fumaroles (described earlier). 1990 (left), 1993 (center) and 1994 (right) . The AIRSAR data collected in 1990 were obtained with multiple parallel flight lines, so that there is some overlapping coverage at different incidence angles along the center of each of the three broad bands shown here. The large square in the 1993 map shows the location of the JERS-1 data, and the smaller area on the southwestern tip of the island marks the location of the TOPSAR data. The map for the 1994 SIR-C data shows the coverage that was obtained during the two flights in April and October, 1994. SRL-1 Data Take 52.1 provides the coverage that extends from South Point to Hilo, SRL-1 Data Take 122.2 the coverage from Kohala and Hualalai to Kilauea, and SRL-2 Data Take 36.1 the coverage of western Mauna Loa. Additional data were also collected by SRL-2 in October 1994 at higher spatial resolution (12.5 m/pixel) for subareas within this broader coverage.
Plate 8. AlRSAR aircraft radar image of Mokuaweoweo caldera, obtained August 6, 1990. The geometry of the caldera is distorted due to the oblique viewing geometry of the radar. This image is a combination of P-band HV displayed in red. L-band HV displayed in green, and C-band HV displayed in blue. The viewing direction is from the east, and the incidence angle varies from 35° in the near-range to 62° in the far-range. This combination of radar wavelengths and polarizations enhances the differences between the historical aa flows (in green) and the prehistoric pahoehoe flows (in purple). Other features can also be identified: (a) a Radar wavelengths are as follows: X-band is 3 em, C-band is 5.6 em, L-band is 24 em, and P-band is 68 em.
b SIR-CIX-SAR operated in many different wavelength/polarization modes [Evans, at al., 1993] . Only those that were used to image Hawaii are given here. Future radar system if value for Mauna Loa studies.
6. RADAR REMOlE SENSING OF MAUNA LOA
Data coverage
In a comparable manner to visible and infrared imaging of the Earth's surface, radar systems provide the capability to observe the ground at several different wavelengths, polarizations, and viewing geometries. An attribute of all radar systems is that they can image the surface irrespective of cloud cover or time of day, thus complete coverage of the target can be obtained. The most important parp.illeter in any radar investigation is the wavelength, which is typi cally either 3 cm (X-band), 5.6 cm (C-band), 24 cm (L band) and 68 cm (P-band). Other parameters that can be varied are the polarization (horizonlally-transmit and receive is denoted as "HH"; horizontally-transmit and vertically receive as "HV"; and vertically transmit and receive as "VV'), and the angle (called the "incidence angle") at which the radar energy hits the surface (typically in the range 20 60° from the nadir). Because radars provide their own illu mination source, it is also possible to control the "look direction" of the instrument, so that structural features in a preferred orientation can be enhanced. The specific charac teristics of the different radar systems that have been used to study Mauna Loa are summarized in Table 2 .
Although Space ShuUle radar (SIR-B) data were col lected over Kilauea volcano in October 1984 [Gaddis, et al., 1989 [Gaddis, et al., , 1990 , no radar data were collected over Mauna Loa until August 1990, when the NASNJPL aircraft radar (AIRSAR) imaged extensive areas of the Big Island (Plate 7). More recently, a single image of the eastern half of the volcano was obtained in June 1993 by the spaceborne Japanese JERS-1 radar. The aircraft radar returned to Hawaii in September 1993, this lime to perform topographic mapping of the southwestern flank of the volcano using the TOPSAR radar system [Zebker, et aI., 1992] . TOPSAR can produce digital elevation models (DEMs) of landscapes at a spatial resolution of 10 m/pixel with a vertical accuracy of -2-5 m depending on the roughness of the terrain. These TOPSAR data for Mauna Loa have not yet been processed, but it is expected ,that the data will be of value for the measurement of lava flow thicknesses. TOPSAR data were collected across the 1950 lava flows in the hope that thickness variations associated with the local slope could be measured; good observations of the volumetric flow rate of these flows Macdonald and Finch, 1950] should enable numerical models for the longitudinal variation in lava flow rheology [e.g., Fink and Zimbelman, 1989 ] to be tested.
The two flights of the Space Shuttle SIR-C/X-SAR [Evans, et aI., 1993] radar also produced almost complete coverage of Mauna Loa and Kilauea volcanoes (Plate 7). The first SIR-CIX-SAR flight (in April 1994) was primarily devoted to using Kilauea as a calibration target for subsequent comparison with data obtained for other basaltic shield volcanoes around the world [Mouginis-Mark, 1994b] . Nevertheless, most of the eastern side of Mauna Loa was also imaged (Data Take 52.1 at 52.3°). Data were collected at three wavelengths (X-, Co, and L-band), various polarizations (HH, HV, and VV), multiple incidence angles (18-59°) on both ascending and, in one instance, a descending orbit. In most cases, only the eastern lower flank of Mauna Loa was imaged during these studies of Kilauea, except on the descending orbit when data for all of the northern half of Mauna Loa were obtained (Plate 7). During the second SIR-C/X-SAR mission (in October 1994) , almost all of the western half of Mauna Loa was covered in a single data lake (Data Take 36.1 0) at 32.1 ° incidence angle, complementing the April 1994 coverage of Notice that at optical wavelengths the shelly, "fountain-fed", pahoehoe flows appear darker than older, dense, "tube-fed", pahoehoe, and aa appears darker than pahoehoe of equivalent or younger ages. North is towards the top. 4th, 1990 . This image is a combination of P-band HV displayed in red, L-band HV displayed in green, and C-band HV displayed in blue. The viewing direction is from the west, and the incidence angle varies from 350' in the nellf-range to 62° in the far-range. The P-band data enables the 1950 Kahuku flow ("A") to be identified, but the prehistoric Pohina flow ("B") has radar backscatter characteristics that are comparable to the rain forest and so cannot be discriminated. Notice that no other flow margins can be identified in this scene, so that this radar data set cannot be used to extend existing geologic maps of the area. The radar does, however, clearly delineate the Makaalia ridge ("C"). and subtle breaks in slope (arrows point downslope). Two jeep tracks ("D") can also be seen. Image width is -12 kIn, the viewing direction is from the left.
Plate 10. AIRSAR aircraft radar image of the South Point area on the distal end of the Southwest Rift Zone of Mauna Loa, obtained August 4th, 1990 . This image is a combination of P-band HV displayed in red, L-band HV displayed in green, and P-band VV displayed in blue. The viewing direction is from the northwest (top of image), and the incidence angle varies from 35° in the near-range to 60° in the far-range. At "A", several lobes of the 7.2 Ka Puu Poo Pueo Flow (which is covered by 20-40 cm of ash) can be identified. The 1868 flow is at "B". By virtue of the look-direction, the sea cliff and Pali 0 Mamalu (black arrows) is clearly seen. Dunes are located at "e". The combination of two P-band polarizations is particularly good at showing the morphology of flows that lie beneath a surficial layer of the Pahala Ash, which is 2-8 m thick at this locality [Steams and Macdonald, 1946] and is predominately dark green in this image. This penetration enables the structure of some near-surface prehistoric flows to be seen at "0" and "E". Interestingly, the barren 1868 flow ("B") has the same radar cbracteristics as flow "0", which is deeply covered in ash. No fieldwork to investigate these radar properties has, however, been done at this time. The light at South Point is at "F'. The white arrows point to several of the numerous wind streaks that have formed in the loose surficial materials in response to the prevailing trade winds. Image width is 13 km. the eastern side of the volcano. Additional data for Mauna Loa were also obtained during the last four days of the mission when exact-repeat orbits were selected for radar interferometry experiments. Data were obtained at high resolution (12.5 mJpixel) over the 1989, 1942, and 1984 lava flows between the 1300-2000 m elevation levels. These data, which were obtained at C-and L-band VV polarization) will be processed to produced a high resolution DEM as part of a broader investigation to study day-to-day variations in the disbibution and thickness of the lava flow field of Kilauea.
Examples ofradar observations
To date, the radar data for Mauna Loa have been largely ignored in favor of the comparable information for Kilauea volcano, due to the easier field logistics for data validation and the strong interest in the ongoing eruption at the Puu 00 vent for topographic change studies. For Kilauea, the primary use of the aircraft data has been the quantitative analysis of the radar backscatter properties of the individual lava flows [Campbell and Campbell, 1992] , and their sub sequent comparison to lava flows on Venus. Almost no investigations of the TOPSAR or SIR-CIX-SAR data for Hawaii haVe yet been published, but comparable analyses of other volcanoes [e.g., Mouginis-Mark and Garbeil, 1993; Mouginis-Mark, 1994b] suggest some of the studies that can be accomplished with the available data. In general, these studies focus on lithologic mapping, analyses of the structure of the volcano, the search for buried lava flows beneath ash deposits, and topographic mapping. All but the last of these applications can be demonstrated with Mauna Loa data collected in August 1990 by the AIRSAR system, and will now be briefly reviewed.
The use of multiwavelength radar data to study differ ences in the surface roughness of lava flows has been well known for more than a decade. Using AIRSAR data, Campbell and Campbell [1992] showed that aa and pahoe hoe lava flows have different radar backscatter characteristics at L-band (24 cm). In the case of the summit of Mauna Loa (Plate 8), the multiwavelength radar enables different flow units to be identifi~, as well as subtle details of the structure of Mokuaweoweo caldera. Few of these phenomena have not been recognized from detailed field mapping [Macdonald, 1971; Lockwood, et al., 1987] . The radar data show many flow contacts within the Mokuaweo weo overflow units more clearly than does conventional air photography, but the significance of some of these contacts has nOl yet been established. The difference in the radar and optical properties of the lava flows around Mokuaweoweo caldera can be seen from a comparison of the AIRSAR data and the SPOT satellite panchromatic (10 mJpixel) data presented in Figure 8 .
Details of the structure of a volcano can often be enhanced using radar data; the careful selection of radar inci dence angle and viewing direction can reveal subtle topo graphic features that may be difficult to identify due to the vegetation cover. Such an example is shown in Plate 9, which is part of the Ninole Hills on the southeastern flank of Mauna Loa. This area, which is part of the Kau Forest Reserve, has proven to be difficult to map on the ground due to the dense vegetation [e.g., Lipman and Swenson, 1984; Lockwood, et ai., 1988 ] and yet offers an insight into the earlier eruptive activity .of the volcano. In particular, the P-band wavelength cross-polarized (HV) radar data provide some capabilities to image swface flows irres pective of the vegetation cover, and to infer subtle topo graphic features (arrowed in Plate 9) by virtue of tonal variations in the vegetation canopy. This break in slope is also evident on the JERS-2 and SIR-C radar images of the eastern flank of Mauna Loa, and so this appears to be a real feature. Parts of the Kahuku flow can be delineated in the radar image, although the Pohina flow is indistinguishable from the high background radar backscatter from the forests.
The ability of radar to penetrate dry, unconsolidated materials was frrst demonstrated through analysis of Space Shuttle (SIR-A) radar data for the Eastern Sahara [McCauley, et aI., 1982] , where buried drainage channels were identified beneath the desert sand. In the case of Mauna Loa, the South Point area at the distal end of the Southwest Rift Zone provides a similar opportunity for radar penetration studies, since there is 2-8 m of the Pahala ash in this area [Stems and Macdonald, 1946, p. 73] . Parti cularly in the case of the longest radar wavelength (P-band, 68 cm), the possibility of delineating the edges of lava flows beneatb the ash is high. Plate 10 shows one of the AIRSAR images of this area. A comparison between these radar data, air photographs and field observations shows that., in addition to distinguishing individual lobes on the Puu Poo Pueo Flow mapped by J. Lockwood [pers. comm., 1995] , the radar can detect braided flow boundaries that are reminiscent of lava channels beneath the veneer of soil and wind-blown ash (e.g., pts. "D" and "E" in Plate 10). Other morphological features are also easily seen in the radar data, including wind streaks and dunes.
FUTIJRE REMOTE SENSING OF MAUNA LOA
Additional orbital radars will be used to study Hawaii. The European Space Agency (ESA) has been operating the ERS-l radar since 1991, and this has been used to study many of the volcanoes in Alaska and the Aleutians [Rowland, et aI., 1994] . However, the ERS-l spacecraft, and its successor ERS-2, cannot currently be used to study any part of Hawaii due to the fact that the spacecraft do nOl carry onboard tape recorders. This requires that data are transmitted in real-time to ground stations that are in the line of sight of the spacecraft. In order to collect ERS-2 and JERS-l radar data. the University of Hawaii at Manoa (on the island of Oahu) is building a ground station specifically to study Mauna Loa and Kilauea using data aom these satellites. It is expected that the Hawaii ground station will be operational by June 1995. The ground reception capability for radar data of Hawaii creates the opportunity for extensive topographic and geode tic investigations of Hawaiian volcanoes. Using a tech nique called radar interferometry, which coherently compares the phase information contained witbin two radar images of the same scene, the value of the ERS-l radar data in the analysis of ground movements associated with earthquakes was demonstrated for the 1992 Landers Earthquake in California [Massonnet, et aI., 1993 [Massonnet, et aI., , 1994 Zebker, et al., 1994] . These radar observations enable ground movement at a fraction of a radar wavelength (typically -3 mm in line-of-sight movement) to be identified over the entire image for dry targets in arid environments. Provided that the phase data from the radar can be correlated (the moist atmosphere in Hawaii may prove to be a problem at low elevations), such observations are predicted to be of great value for the study of ground deformation prior to a new eruption, or for the mapping of the planimetric shape of new Java flows [Mouginis-Mark, 1994c] . Current plans are for ERS-l and ERS-2 to be flown in tandem so that exact-repeat coverage will be obtained once during a 24 hour interval sometime within a 35 day observation period. Following the expected demise of ERS-l in late 1995, exact-repeat coverage will only be achieved from successive orbits of the ERS-2 spacecraft, which will have a 35-day repeat interval. JERS-l radar data will be collected every 24 days. Thus it should be possible to generate a deformation map of Mauna Loa approximately once per month.
The Canadian RADARSAT spacecraft [Raney, et aI., 1991] will also image Hawaii, except in this instance the data will be recorded on board. Data from RADARSAT will be particularly useful for frequent large-area coverage of the Big Island, due to the variable swath width, multiple incidence angles, and variable spatial resolution capabilities of the sensor. However, because of the absence of onboard GPS equipment, it is unlikely that RADARSAT data will be useful for interferometry experiments because the baseline separation of the orbits will not be known to an adequate accuracy. RADARSAT is planned for launch in early 1996.
A major improvement to optical remote sensing from space will occur in 1998 with the launch of the NASA's Earth Observing System AM-I platform. This satellite will include the Advanced Spacebome Thermal Emission and Reflection Radiometer (ASTER) and the Moderate Resolution Imaging Spectrometer (MODIS). ASTER is a 14-channel imaging instrument, with bands in the VNIR, SWIR and TIR (Table 3 ). The pix~l size is 15, 30 or 90 m, respectively for the three wavelength regions, with a repeat cycle of 16 days or less, depending on latitude; the swath width is 60 kID [Kahle, et aI., 1991] . MODIS will provide images in 36 bands between 0.4 and 14.5 I-tm with a pixel size of 250 m and 1 kID. The 1 kID resolution images will be available every one or two days. MODIS will thus allow monitoring on a 1-2 day basis while ASTER can be used for detailed process studies.
ASTER's VNIR bands are similar to the Landsat TM bands and the TMS bands in this wavelength region, all\>w ing detection of changes in iron oxidation and vegetation development. The SWIR bands will improve the capability to detect and map the development of clay minerals, associ ated with soil development and weathering in more humid climates. The spectral resolution of the ASTER TIR sys tem is very similar to TIMS; therefore, ASTER should allow scientists to map both the change in surface proper ties of lava flows, and to map the S02 in eruption plumes from Mauna Loa.
The improvement in pixel size of the thermal bands compared to AVHRR (90 m vs 1 kID) will allow mapping of lava flows, lava tubes, and lava ponds, instead of just detecting them. It win also be possible to determine temperatures for volcanic features whose hottest compo nents are smaller than a full pixel (generally the case for the flows, tubes and ponds). These new capabilities will improve our ability to map Mauna Loa, as well as other volcanoes worldwide.
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